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SUMMARY 

The s t a tus  of research and development i n  the  United S ta tes  i s  reviewed with 

par t icu lar  emphasis on s ignif icant  research resu l t s  obtained since the  l a s t  Anglo- 

American Conference. Research information i s  presented on the helicopter,  on pro- 

pe l l e r ,  ducted-fan, and turbojet  a i r c r a f t ,  and on V/STOL handling-qualities 

requirements. 

t e r  f ie ld  because of recent developments such a s  the  hingeless-rotor helicopter.  

The Tri-Service V/STOL transport  program i s  shown t o  be providing an impetus t o  

research and development on propeller and ducted-fan V/STOL types. 

V/STOL research and development i n  which it is  noted tha t  the United S ta tes  i s  

lagging a r e  turboje t  V/STOL a i r c r a f t  and V/STOL a i r c r a f t  engines. 

A continuing strong research in t e re s t  i s  indicated i n  the  helicop- 

Two areas of 

INTRODUCTION 

It i s  the purpose of t h i s  paper t o  review the s ta tus  of V/STOL research an-d 

development i n  the  United S ta tes  with par t icu lar  emphasis on s igni f icant  research 

r e s u l t s  obtained since the l a s t  Anglo-American Conference i n  1961. 

information will be presented dealing with the helicopter,  with propeller,  ducted- 

fan,  and je t  V/STOL a i r c r a f t ,  and with the general area of V/STOL handling- 

qua l i t i e s  requirements. 

Research 
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disk area,  sq f t  

mean aerodynamic chord, f t  

L i f t  l i f t  coeff ic ient ,  - 
ss 

Pitching moment pitching-moment coeff ic ient ,  
qsc' 

Thrust 

ss 
thrust  coeff ic ient ,  

diameter, f t  

height above ground, f t  

l i f t ,  l b  

pitching moment, f t - l b  

dynamic pressure, lb/sq f t  

rad ia l  location of a par t icu lar  s t a t ion ,  f t  

radius of ro tor ,  f t  

area, sq f t  

thrust, l b  

airspeed, knots o r  f t / s ec  

weight, lb;  or airflow, lb/sec 

propeller blade angle, deg 

fl ight-path angle, deg 

f lap deflection, deg 

nozzle deflection measured from v e r t i c a l ,  deg 

average temperature r i s e  i n  fan in le t s ,  OF 



Subscripts: 

3 fan eff lux 

m n v i  n n 7 m  
-A_- 

- 
F P M  fan rpm held constant 

S s t a t i c  condition (zero airspeed) 

00 out of ground ef fec t  

HELICOPTER RESEARCH 

During the  two years since the  last Anglo-American Conference, s ignif icant  

r e su l t s  have been obtained i n  several  d i f fe ren t  areas of hel icopter  research and 

development. 

t o  10. 

previous papers ( r e f s .  1 t o  16) and i s  presented here i n  summary form as an indi- 

Some typ ica l  examples of this research are covered i n  f igures  1 

Much of the  information presented i n  these figures has been presented i n  

c a t i m  of the types of research t h a t  have been zon&xted. SubJects covered 

include the  hingeless or  nonarticulated rotor ,  f l i g h t  measurements of rotor-blade 

periodic a i r loads ,  the rotor-blade s t a l l  phenomenon, the height-velocity diagram 

associated with the  so-called "deadman's zone," and the improvement of helicopter 

performance by drag cleanup. 

The Hingeless-Rotor Helicopter 

The hingeless-rotor or  nonarticulated-rotor pr inciple  which has been 

receiving increasing a t ten t ion  during the l a s t  few years of fe rs  promise of pro- 

viding a la rge  s tep forward toward a simpler, l e s s  expensive, and easier- to-f ly  

hel icopter .  The hingeless-rotor pr inc ip le  has sometimes been referred t o  a s  the  

r igid-rotor  pr inc ip le  because the  blades are attached d i r ec t ly  t o  the  hub without 

e i t h e r  f lapping or  l a g  hinges and the hub i s  r ig id ly  attached t o  the ro tor  drive 
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shaf t .  

desirable,  however, because an e s sen t i a l  feature  of a successful system of t h i s  

type appears t o  be the incorporation of adequate f l e x i b i l i t y  i n t o  the blade i t s e l f .  

A s  pointed out i n  reference 1, most and perhaps a l l  of the pas t  f a i lu re s  with 

"rigid" rotor  systems involved attempts t o  increase the r i g i d i t y  of the blade a s  

well a s  i t s  attachment t o  the  ro tor  shaf t .  

current hingeless-rotor systems r e s u l t s  from the f ac t  t h a t  no attempt i s  made t o  

eliminate f l e x i b i l i t y  but ra ther  t h a t  varying amounts of f l e x i b i l i t y  a re  used as 

means of a l lev ia t ing  the high s t r e s s  leve ls  i n  the rotor  system. 

The use of the term "rigid" i n  describing the system i s  not considered 

On the other hand, t he  success of 

Most of the recent research and development on the hingeless-rotor pr inciple  

has been carried out by Lockheed Aircraf t  Corporation, B e l l  Helicopter Company, 

and the  NASA. Lockheed, which has chosen the hingeless-rotor hel icopter  as i t s  

entry i n t o  the  helicopter f i e l d ,  i s  involved i n  the development of what i s  

intended t o  be an optimized operational a i r c r a f t  of t h i s  type. 

work with a simplified machine s t a r t i n g  i n  1959, Lockheed b u i l t  the XH-SIA shown 

i n  f igure l u n d e r  a j o i n t  Amy-Navy contract  and has almost completed the  contrac- 

t o r ' s  flight t e s t s  before turning the  hel icopter  over t o  the Navy f o r  service 

evaluations. In  addition, a s  pa r t  of t h i s  program, wind-tunnel research on a 

fu l l - sca le  rotor  system has been conducted i n  cooperation with the  NASA i n  the 

Ames Research Center 4 0 -  by 80-foot tunnel.  

After i n i t i a l  

(See r e f s .  3 and 4 . )  

Bell's work on the hingeless-rotor pr inc ip le  ( r e f .  3) has involved the  use 

of special  rotor  systems ins t a l l ed  on ex is t ing  hel icopters  t o  provide research 

information. 

Langley Research Center and in s t a l l ed  on an A r m y  H - 1 3  hel icopter  for  some explor- 

a tory research on the hingeless ro tor  a t  Langley. 

i s  presented i n  figure 2. 

4 

One of these hingeless-rotor systems was obtained by the NASA 

A photograph of t h i s  machine 

It should be pointed out t h a t  t h i s  pa r t i cu la r  



hingeless-rotor arrangement does not appear t o  be very clean and simple because 

it was fabricated from off-the-shelf components and experimental hub components 

which were overdesigned t o  provide generous margins of safety.  

Some of the research r e su l t s  obtained with the  helicopter shown i n  f igure 2 

a re  presented i n  f igures  3 and 4. These figures,  which were taken from re fer -  

ence 7, i l l u s t r a t e  the inherently good control response and handling qua l i t i es  

of the hingeless-rotor helicopter and show a sample of s t ruc tu ra l  loads informa- 

t i on  dealing with a possible problem fo r  helicopters of t h i s  ty-pe. 

The left-hand p lo t  of f igure 3 consists of a time his tory of the pitching 

velocity produced by a longitudinal-control step input i n  hovering f l i g h t  f o r  the  

hingeless-rotor helicopter of f igure 2 compared with a typ ica l  response f o r  a 

conventional Binged-rotor helicopter.  

much more rapid than t h a t  f o r  the  hinged rotor.  

response, the p i l o t  of the hingeless-rotor machine receives ear ly  and c lear  evi-  

dence of the angular veloci ty  developed by the control.  

slower response fo r  the hinged-rotor case requires t h a t  the p i l o t  wait a much 

longer time before he can judge the resul t ing steady-state angular velocity.  

The response f o r  the hingeless ro tor  i s  

A s  a r e s u l t  of t h i s  " t igh t"  

In  contrast ,  the  much 

I n  the  right-hand p lo t  of f igure 3 ,  the  control power and -ping of t he  

hingeless-rotor hel icopter  a r e  shown, together with the  mi l i ta ry  handling- 

qua l i t i e s  boundaries. 

the  p l o t  are the  combinations of control power and damping of conventional hinged- 

ro tor  hel icopters  used i n  previous NASA flight investigations.  

t h a t  the  hingeless-rotor helicopter meets the minimum requirements and a l so  t h a t  

it possesses values of control power and damping several  times greater than values 

fo r  conventional helicopters.  

A l s o  shown for  comparison i n  the  lower left-hand corner of 

It i s  apparent 
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One of the primary objectives of t he  NASA f l i g h t  program with t h e  hingeless- 

ro tor  helicopter of figure 2 w a s  t o  obtain samples of loads experienced i n  f l i g h t  

under prac t ica l  conditions and t o  determine which of t he  conditions required most 

immediate and detailed study of loads and dynamics. An example of 

fl ight-loads measurements during a hovering maneuver i n  which the  p i l o t  performed 

a longitudinal-control s tep displacement and recovery i s  presented i n  f igure 4. 

The large buildup of cyclic chordwise bending moments appears t o  be primarily a 

function of angular velocity. During the i n i t i a l  portion of the maneuver, the  

ro ta t ing  mast moments do not build up because the  i n i t i a l  control moment cancels 

a moment due t o  some minor center-of-gravity of fse t .  During the  recovery when 

the  control moment and the  o f f se t  center-of-gravity moment add, however, the 

cycl ic  mast moments reach a maximum a t  maximum angular acceleration. It appears 

from t h i s  result t h a t  the  allowable center-of-gravity t r ave l  of the  hingeless- 

ro tor  helicopter may tend t o  be r e s t r i c t ed  by maneuver loads. 

(See r e f .  7 . )  

I n  the NASA hingeless-rotor f l i g h t  study, the  s t ruc tu ra l  loading problem of 

most concern proved t o  be the  "in-plane'' o r  chordwise bending moments induced i n  

the  ro tor  blade. 

r e su l t s  of a wind-tunnel program on a 10-foot-diameter hingeless-rotor dynamic 

model conducted a t  the  NASA Langley Research Center as a cooperative e f f o r t  of 

NASA, Lockheed, and the Army. 

blade s t i f fness  r a t i o  on blade s t ruc tu ra l  loads. The blade s t i f fnes s  r a t i o  

refers  t o  the r a t i o  of the  blade bending s t i f fness  i n  the  chordwise direct ion t o  

t h a t  i n  the flapwise direction. 

chordwise direction and qui te  f l ex ib l e  i n  the  v e r t i c a l  direct ion,  have a very high 

s t i f fnes s  r a t i o  which r e su l t s  i n  the  coupling of blade bending deflections with 

blade twist. 

6 

A promising method of solving t h i s  problem w a s  indicated i n  the 

This program included a study of t he  influence of 

Conventional blades, which are very s t i f f  i n  the  

This coupling can be reduced by reducing the  blade chordwise 



s t i f fnes s  and can be theore t ica l ly  eliminated by matching the  chordwise s t i f fnes s  

t o  the  flapwise s t i f fness .  Figure 5 presents wind-tunnel data which indicate  

t h a t  the  reduction of blade chordwise s t i f fness  can lead t o  a s ignif icant  reduc- 

t i on  i n  chordwise s t ruc tu ra l  loadings. The data show a large increase i n  chord- 

wise cyclic load with increasing speed f o r  the conventional blade ( tha t  is ,  f o r  

t he  blade with high chordwise s t i f fnes s  and low flapwise s t i f fnes s ) .  By modifying 

the  attachment of the  blade a t  the  root t o  reduce the  chordwise s t i f fnes s  t o  equal 

the  flapwise s t i f fness ,  a large reduction i n  the  chordwise cyclic loads over the  

en t i r e  speed range was obtained. An even greater reduction i n  loads was obtained 

by matching t h e  chordwise and bending s t i f fness  a t  a l l  points along the  blade 

radius. The r e su l t s  presented i n  f igure 5 are fo r  steady 1 g f l i gh t .  Similar 

improvementslin chordwise cycl ic  loads were obtained i n  tests i n  which the  load 

fac tor  w a s  increased t o  about two. 

I n  general, the  wind-tunnel and f l i g h t  research carr ied out t o  date on the  

hingeless-rotor pr inciple  has been very encouraging and has indicated def in i te  

promise of improvements t o  be obtained by application of the principle.  

Rotor-Blade Periodic Airloads 

Some in te res t ing  information regarding rotor-blade periodic airloads has been 

obtained recent ly  i n  a f l i g h t  investigation carr ied out a t  the  NASA Langley 

Research Center with an H-34 helicopter instrumented t o  meas--ire rotor-blade pres- 

sure dis t r ibut ions.  (See refs. 1, 2, 8, and 9 . )  A sample of the  data obtained 

i s  presented i n  figure 6. Measured blade loads f o r  different  azimuth posit ions 

are shown and the  theore t ica l  var ia t ion of the Glade loads f o r  the  same t e s t  con- 

d i t i on  i s  a l so  presented f o r  comparison. 

disagreements between experiment and simple theory, par t icu lar ly  i n  the  existence 

It i s  apparent t h a t  there are def in i te  

7 



of " jumps'' o r  abrupt changes i n  the experimental data. 

the data fo r  a l l  conditions except a t  the higher speeds and are  generally most 

pronounced i n  the v ibra t ion-cr i t ica l  f l i g h t  conditions. Thus, an understanding 

of the  source of these jumps may lead t o  a be t t e r  understanding of the  basic 

problem of helicopter vibration and periodic airloads.  

A simple physical p ic ture  of the probable source of the jumps i n  the experi- 

These jumps appear i n  

mental data i s  presented i n  figure 7. The sketch shows how a given blade, i n  

three successive posit ions,  encounters the t i p  vortex generated by the  preceding 

blade and does s o  a t  successively smaller r a d i i  through t h i s  portion of each 

revolution. 

metr ical  relationship a re  shown by the t i cks  i n  f igure 6. 

t i cks  a r e  somewhat c loser  together than the measured jumps i s  a t t r i bu ted  t o  a 

rolling-up and inward s h i f t  of the t i p  vortex (whereas f i g .  7 was drawn on the 

basis  t h a t  the  vortex center stays on the l i n e  t raced by the path of the t i p ) .  

Several organizations a r e  now studying possible methods f o r  predict ing the magni- 

tude and location of these jumps. 

The azimuth values predicted fo r  the load jumps by t h i s  simple geo- 

The f ac t  t h a t  the 

Rotor-Blade S t a l l  Phenomena 

A wind-tunnel investigation has recently been completed a t  the  NASA Langley 

Research Center i n  which a 15-foot-diameter ro to r  was operated a t  extreme th rus t  

coefficients and high tip-speed r a t i o s  t o  provide information on rotor-blade s t a l l  

phenomena i n  high-speed f l i g h t .  (See r e f .  10.) The r e s u l t s  indicated t h a t  the 

loss i n  rotor l i f t  f o r  conditions i n  which large regions of blade s t a l l  were 

expected was much l e s s  than ant ic ipated f o r  the  range of conditions covered. 

data of figure 8 taken from reference 10 i l l u s t r a t e  t h i s  point .  Measured ro tor  

thrust, i n  terms of hovering m e a n  lift coeff ic ient ,  i s  compared with calculated 

The 
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values of th rus t  based on a simple theory using constant l i f t -curve  slope and on 

a more refined theory u t i l i z i n g  two-dimensional section charac te r i s t ics  of  the  

ro tor  blade. 

the point a t  which the s t a l l  i s  theoret ical ly  predicted. 

coefficients,  t he  simple theory overpredicts the l i f t  while the  refined theory 

underpredicts it, with the simple theory giving the closer agreement. 

It can be seen t h a t  both calculations agree with the  theory up t o  

A t  the  higher l i f t  

I n  the  past ,  somewhat similar cases of disagreement between experimental 

data and the refined theory have been noted, but usually with smaller models and 

a t  much lower Reynolds numbers. 

should be expected t o  provide r e su l t s  generally applicable t o  small helicopters,  

and analysis has indicated tha t  similar trends should also be expected i n  varying 

degrees with -larger helicopters.  (See ref. 10. ) 

The 15-foot-diameter ro tor  used i n  these t e s t s  

The Helicopter .Height-Velocity Diagrm 

A cooperative research program i s  being conducted by the  Federal Aviation 

Agency (FAA) and the NASA t o  es tab l i sh  methods fo r  determining the  proper height- 

veloci ty  diagram f o r  safe autorotative landings f o r  a helicopter operating a t  

density a l t i t udes  other than the  one a t  which i t s  f l i gh t - t e s t  program fo r  ce r t i -  

f ica t ion  w a s  conducted. The first portion of t h i s  program consisting of autoro- 

t a t i o n  fl ight t e s t s  of a B e l l  47G-3B helicopter a t  various a l t i t udes  and gross 

weights has been completed by the  FAA and i s  reported i n  reference 11. 

of the  data obtained i s  presented i n  figure 9. 

consis ts  of a p lo t  of height against  airspeed f o r  the  helicopter a t  a gross weight 

of 2,650 pounds and a t  various density a l t i tudes  of the a i rpor t .  

height and airspeed t o  the  right of t he  appropriate curve on the p lo t  represent 

A sample 

The left-hand p lo t  of t h i s  f igure 

Combinations of 
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. i n i t i a l  conditions from which the  p i l o t  could make safe autorotational landings - 
t h a t  i s ,  landings i n  which a t  l e a s t  a small amount of usable reserve energy i n  

the  form of ro tor  speed or  airspeed i s  remaining a t  touchdown. With increasing 

a l t i tude ,  there  i s ,  of course, an increase i n  the so-called c r i t i c a l  airspeed - 
the  airspeed above which an autorotative landing can be made from any height 

a f t e r  power fa i lure  i n  low-speed f l i g h t .  The right-hand p lo t  of f igure 9 ,  which 

was obtained by crossplott ing the  data from the  left-hand p lo t  and other similar 

data, shows t h a t  there i s  a s t ra ight - l ine  var ia t ion of c r i t i c a l  airspeed with 

a l t i t ude  over the  range of parameters covered. The data a l so  indicate  a d i r ec t  

var ia t ion of c r i t i c a l  airspeed with gross weight. Other r e su l t s  brought out i n  

reference 11 show t h a t  the maximum safe low hover height (usually designated 

h-) varies d i rec t ly  with weight or  a l t i t ude  while the  minimum safe high hover 

height (usually designated b i n )  var ies  as the  square of the  c r i t i c a l  veloci ty  

f o r  t he  range of parameters covered. 

The NASA Langley Research Center i s  presently engaged i n  the  second phase 

of t h i s  program which involves a digital  computer study t o  develop a generalized 

analyt ical  procedure fo r  determining the  e f f ec t s  on the height-velocity diagram 

of such parameters as density a l t i tude ,  ro to r  s tored energy margin, and other 

geometric and aerodynamic character is t ics .  

Helicopter -Drag Cleanup 

In  an e f f o r t  t o  obtain increased performance from exis t ing and proposed 

helicopters, a number of helicopter-drag cleanup investigations have been con- 

ducted recently by t h e  Army, N a v y ,  NASA, and industry. 

In  one example of t h i s  work, B e l l  conducted an invest igat ion on a UH-B helicopter 

under an Atmy contract, with the  NASA providing research support by t e s t ing  the  

(See r e f s .  12 t o  16.) 
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hel icopter  i n  the Ames Research Center 40- by 80-foot wind tunnel. 

cations t o  reduce the drag of the helicopter included using a t i l t i n g  pylon, 

adjustable i n  f l i g h t ,  t o  keep the  fuselage in  a m i n i m  drag a t t i t ude ;  i n s t a l l i ng  

f a i r ings  around the pylon, on the  landing gear, and j u s t  a f t  of the cargo com- 

partment on the  fuselage; i n s t a l l i n g  improved engine i n l e t s ;  and increasing the 

v e r t i c a l  f i n  area and adding camber t o  the  surface. The e f f ec t  of these changes 

on performance a s  determined i n  f l i g h t  i s  shown i n  f igure 10 which was taken 

Major modifi- 

from reference 15. The top speed was increased from about 120 t o  155 knots. 

addition, the range was increased by 30 percent and the vibrat ion l eve l  and blade 

vibratory s t resses  were appreciably reduced. 

In 

These pronounced improvements i n  

I 
t 

performance and reduction i n  vibration problems obtained by modifying an exis t ing 

hel icopter  cer ta in ly  suggest t h a t  increased a t ten t ion  t o  these items i n  i n i t i a l  

I hel icopter  design would pay subs tan t ia l  dividends. 

I 
I PROPELWR V/STOL AND STOL AIRCRAFT RESEARCH 

I 

I 
~ 

A subs tan t ia l  research e f f o r t  i n  the propeller V/STOL and STOL area has con- 

t inued during the past  two years ( r e f s .  17 t o  32) with much of the research being 

directed toward the wing s t a l l  and re la ted  problems encountered i n  t r ans i t i on  or 

low-speed f l i g h t .  The awarding of a contract for  the construction of the XC-142 

Tri-Service V/STOL airplane short ly  before the  last  Anglo-American Conference 

marked a turning point i n  the development of the- t i l t -wing  V/STOL a i r c r a f t  type. 

j 

1 
I 
I 

I 
The research and development e f f o r t  i n  t h i s  general area took on more s ign i f i -  

cance and much of the e f fo r t  w a s  oriented t o  provide d i rec t  support fo r  the 

XC-142. An extensive wind-tunnel program was undertaken by the contractor 

(Vought-Hiller-Ryan) and the NASA t o  provide detai led information on the 
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configuration and t o  ref ine the  design. 

by the NASA i n  t h i s  work are presented i n  figures 11 and 12. 

Photographs of two of the  models used 

Another in te res t ing  propeller V/STOL development i s  the Curtiss -Wright X-19  

tandem four-propeller airplane which has been b u i l t  as par t  of the  Tri-Service 

V/STOL transport  program and which i s  now undergoing t e s t ing  by the  contractor. 

Only a limited amount of research has been carr ied out on t h i s  t i l t -p rope l l e r  

type, with much of it being done by Curtiss-Wright while the airplane was a com- 

pany project intended fo r  development as a c i v i l  transport .  The NASA Langley 

Research Center has recently conducted a general research wind-tunnel study t o  

provide some basic aerodynamic information on the t i l t -p rope l l e r  type. 

re fs .  17 and 29.)  

fo r  the t i l t -propel le r  type compared t o  t h a t  of a well-designed t i l t -wing  config- 

uration. 

serious wing-stall problem i n  t rans i t ion  than the  t i l t -wing type. 

(See 

Results of t h i s  study indicate  ra ther  poor STOL performance 

On the  other hand, the  t i l t -p rope l l e r  type appears t o  have a l e s s  

I n  order t o  provide f l i g h t  information more d i rec t ly  applicable t o  the  

XC-142, the VZ-2 t i l t-wing research airplane which has been used i n  research a t  

the NASA Langley Research Center f o r  several  years ( ref .  18) has been modified t o  

incorporate f i l l - span  f laps  and ai lerons ( ref .  19). Research i s  now i n  progress 

with these modifications. Results t o  date indicate  a substant ia l  improvement i n  

the wing-stall problem i n  t r ans i t i on  f l i g h t  with the  full-span f l a p  programed t o  

deflect  with changes i n  wing incidence. This r e su l t  i s  i l l u s t r a t e d  i n  f igure 13 

which compares the  p i l o t ' s  opinion of t he  f ly ing  qua l i t i e s  of t he  VZ-2 with the  

f lap ins ta l led  with previous r e su l t s  obtained with t h e  p la in  wing and with 

leading-edge droop. 

improvement i n  f l i g h t  charac te r i s t ics  a s  indicated by the  upper and lower l e f t  

p lo ts  of figure 13 which show the  greater  permissible rates of descent with the  

The leading-edge droop had been found t o  provide a def in i te  
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droop. 

f laps  (leading-edge droop removed), a s  shown by the p lo t  a t  the lower r igh t .  

improvement was especial ly  noticeable a t  the higher speeds (50 t o  70 h o t s ) .  

Although the  permissible r a t e  of descent was great ly  increased a t  these higher 

speeds when the  f laps  were in s t a l l ed  (as indicated by the  lower posi t ion of t he  

boundary), there  was a mild buffet  problem for some conditions f a l l i n g  on the 

acceptable side of the  boundary. 

An even more pronounced improvement was obtained with the  trail ing-edge 

The 

The use of d i f f e r e n t i a l  deflection of the ai lerons on the VZ-2 a s  the only 

source of yaw control i n  hovering f l i g h t  appeared marginal out of ground e f f e c t  

and inadequate i n  ground ef fec t .  I n  landings, performed with high wing angles 

(650 and 5 5 O )  and a t  low airspeeds, an unfavorable ground ef fec t  was experienced 

which caused the airplane t o  sink rather  rapidly from heights of about 10 f e e t .  

Some wind-tunnel data on the wing-stall problem of a t i l t -wing V/STOL con- 

f igurat ion i n  and out of ground e f f ec t  a re  presented i n  figure 14. 

shown i n  t h i s  f igure represent'cornbinations of airspeed and r a t e  of s ink a t  which 

' h a x  

The curves 

occurs and therefore roughly correspond t o  the right-hand portion of the 

f lying-qual i t ies  boundaries of f igure 13. Data a re  shown fo r  a small model i n  

and out of ground e f f ec t  and f o r  a large model i n  a t e s t  section which may not 

have been la rge  enough t o  avoid some ground ef fec t .  

have been scaled t o  represent an airplane with a wing loading of 50 pounds per 

square foot  i n  order t o  be roughly comparable t b  other data t o  be presented l a t e r .  

The small-scale data indicate  no e f fec t  of the ground a t  speeds above about 

50 knots. A t  lower speeds, however, there  i s  a detrimental ground e f f ec t  as 

evidenced b y t h e  upward s h i f t  of the s t a l l  boundary. 

conditions a r e  above and t o  the r igh t  of the boundary.) 

speed of 30 h o t s  and f o r  the leve l - f l igh t  condition (zero r a t e  of s ink) ,  the 

(See f i g .  11.) The data 

(Sat isfactory or unstal led 

For example, a t  an a i r -  
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data indicate a sat isfactory condition out of ground ef fec t  but an unsatisfactory 

condition i n  ground ef fec t .  

mately pa ra l l e l  t o  t h a t  fo r  the small model i n  ground ef fec t ,  indicating that. 

the  large-scale model may be experiencing some detrimental ground ef fec t  i n  the 

normal t e s t  location i n  the  tunnel a t  the  lowest speeds and highest power con- 

di t ions.  Other data (not presented) show t h a t  the  large model, l i k e  the  s m a l l  

model, had a more severe wing-stall problem when it neared the ground. 

One method of a l lev ia t ing  the  s t a l l  problem i n  t rans i t ion  or landing approach 

The boundary fo r  t he  large-scale model i s  approxi- 

fo r  propeller V/STOL and STOL airplanes involves the use of d i f f e ren t i a l  blade 

p i tch  between the inboard and outboard propellers.  This feature ,  which w a s  pro- 

posed several years ago by Breguet i n  conjunction with t h e i r  STOL airplane devel- 

opment, was investigated on the  XC-142 model shown i n  f igure 11. 

Some resu l t s  of t h i s  study are  presented i n  figure 15 i n  the form of 

(See r e f .  20.) 

C b x  

boundaries similar t o  those of f igure 14. 

case of loo blade pi tch on a l l  propellers and f o r  t he  case of d i f f e ren t i a l  p i tch  

with the inboard propellers a t  14O and the  outboard propellers a t  Oo. The s h i f t  

i n  the  boundaries indicates a pronounced benef ic ia l  e f f ec t  of d i f f e r e n t i a l  t h rus t  

which amounts t o  approximately a 700-foot-per-minute greater  permissible r a t e  of 

descent a t  a given speed or t o  a 1 0 - h o t  decrease i n  s t a l l  speed a t  a given r a t e  

of descent. 

negative thrust i n  the d i f f e ren t i a l  p i tch  case, the  outboard portion of the wing 

did not s ta l l  prematurely. Apparently, t he  inner portion of the  outboard propel- 

l e r  was actually producing posi t ive th rus t  and therefore an increment of posi t ive 

slipstream velocity over most of t he  outboard portion of t he  wing. 

outer portion of the propeller w a s  producing negative thrust, the  regions of 

Boundaries a re  shown fo r  the normal 

Despite the f ac t  t h a t  the  outboard propeller w a s  producing a net  

Although the  
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negative thrus t  occurred e i the r  where the propellers overlap or  where the pro- 

pe l l e r  extends beyond the wing t i p .  (See ref .  20. ) 

Past research has established the importance of wing s ize  and f l ap  effec- 

t iveness on the  wing s t a l l  of propeller V/STOL a i r c r a f t  i n  t rans i t ion ,  and par- 

t i c u l a r l y  i n  descent conditions. The amount of wing and f l ap  required t o  avoid 

s t a l l i n g  has not been very c lear ly  established, however, and no r ea l ly  sa t i s fac-  

to ry  method of analysis of the  wing-stall problem has been developed. (See 

r e f .  21.) A n  analysis of exis t ing wind-tunnel and f l i g h t  data has been made i n  

an e f fo r t  t o  provide a t  l e a s t  a f i r s t  approximation t o  the  proper wing s ize  t o  

avoid wing s t a l l i n g  and the  relationships obtained a re  shown i n  f igure 16. This 

f igure,  which w a s  taken from reference 21, shows the e f f ec t  of wing-chord-to- 

propeller-diameter r a t i o  on the permissible angle of descent fo r  propel ler  V/STOL 

, 

a i r c r a f t .  This chart  i s  admittedly an oversimplification of the problem and 

applies only t o  wings with a f a i r ly ' l a rge  and elaborate f l ap  system. 

t i o n  f o r  t he  data points i s  given by the powered-model l i f t -d rag  sketch a t  the  

The explana- 

I 

upper r igh t  of the figure.  A broad-brush handling-qualities boundary has been 

drawn between the  two sets of data based partly on results obtained with the  

VZ-2 airplane and pa r t ly  on the assumption t h a t  some loca l  wing s t a l l i n g  could 

be to le ra ted  but t h a t  complete wing s t a l l  could not. The p lo t  indicates  t h a t  

sa t i s fac tory  conditions i n  level-f l ight  t rans i t ion  could be obtained with an 

extended chord-diameter r a t i o  of about 0.3 t o  0 : 5  but t h a t  a loo descent require- 

ment ca l l8  f o r  an extended chord-diameter r a t i o  of about 0.6 t o  0.8. 

Some per t inent  information on the  e f fec ts  of wing s t a l l  on propel ler  V/STOL 

~ 

and STOL a i r c r a f t  i s  presented i n  figure 17 which was taken from reference 20. 

I In  t h i s  figure the  approach speeds chosen by p i l o t s  of three STOL a i r c r a f t  - 

~ 

BE-130, B r e w t  941, and Ryan VZ-3 - are  shown on a p lo t  similar t o  t h a t  used i n  



figures 13, 14,  and 15. 

airplane with conventional h igh - l i f t  devices. 

descent shown have a l l  been adjusted t o  represent a wing loading of 50 pounds 

per square foot t o  afford a more d i rec t  comparison of the  data. The Ryan VZ-3 

curves a r e  shown i n  dotted form because a rather  large adjustment from 23 t o  

50 pounds per square foot w a s  required i n  t h i s  case. 

s t a l l  speeds but are  approach speeds which were generally a t  l e a s t  10 knots 

above the  s ta l l  and which included a suf f ic ien t  margin t o  make power changes t o  

correct f l i g h t  path and a l so  included an allowance fo r  gusts and a provision fo r  

f la r ing .  It can be seen from figure 17 t h a t  t he  combined use of 

slipstream with BLC or large-chord f l aps  (BE-130 and Breguet 941) provided 

approach speeds of about 60 t o  70 knots compared t o  80 t o  90 h o t s  f o r  the  a i r -  

plane with conventional h igh- l i f t  devices. 

thrust-weight r a t i o  greater than one' and a very large f l a p  designed t o  provide 

v e r t i c a l  take-off and landing capabili ty,  had even lower s t a l l  speeds par t icu lar ly  

with the  leading-edge slat ins ta l led .  

Also presented f o r  comparison a re  similar data f o r  an 

The approach speeds and r a t e s  of 

The speeds shown are  not 

(See ref. 20.) 

The VZ-3 airplane,  which had a 

Most propeller STOL and V/STOL a i r c r a f t  have experienced some form of 

la teral-direct ional  problem i n  low-speed f l i g h t  which has been considered objec- 

t ionable or  unsatisfactory by the  p i l o t .  I n  some cases, poor la te ra l -d i rec t iona l  

character is t ics  a t  approach speeds have reduced the  cont ro l lab i l i ty  and therefore 

l imited the  usefulness of the  a i r c r a f t .  

l e m s  have been encountered with the  YC-134, BLC-130, and Flyan VZ-3 i n  f l i g h t  

research a t  the  NASA Ames Research Center. 

on the  BE-130 i n  which reduced con t ro l l ab i l i t y  was exhibited during STOL 

approaches by large s ides l ip  excursions when maneuvering i s  i l l u s t r a t e d  i n  f ig-  

ure 18, taken from reference 20. The so l id  l i n e s  represent f l i g h t  data fo r  the  

Reference 20 points out t h a t  such prob- 

An example of a problem of t h i s  type 
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B E - 1 3 0  during a banked turn at  65 knots. 

i s  banked t o  i n i t i a t e  a turn,  large s ides l ip  angles bui ld  up p r io r  t o  the devel- 

opment of a r a t e  of turn.  

direct ion because of adverse ai leron yawing moments. 

taken t o  determine the  important parameters involved i n  t h i s  case and t o  seek 

p rac t i ca l  solutions. (See r e f .  22.) This study indicated t h a t  sat isfactory 

charac te r i s t ics  could be obtained when the s t a t i c  d i rec t iona l  s t a b i l i t y  was 

increased fourfold and the  damping i n  yaw sixfold,  but such large changes would 

be very d i f f i c u l t  t o  obtain on the  BLC-130. 

by the simulator study w a s  t o  add damping proportional t o  r a t e  of s ides l ip  

The data show t h a t  when the airplane 

Actually, the airplane turns  i n i t i a l l y  i n  the wrong 

A simulator study was under- 

A more p rac t i ca l  solution indicated 

Cni 

i n  addition t o  doubling the  s t a t i c  direct ional  s t a b i l i t y .  The dotted curve of 

f igure 18 shows the beneficial  e f f ec t  of such a change on the  response of the 

BL€-l30 t o  an ai leron input.  The sideslipping was great ly  reduced and the  l a g  

i n  developing a turn i n  the proper direction was cut down. 

BE-130 with t h i s  modification are now being made t o  ver i fy  the r e su l t s  of the 

simulator study. 

Fl ight  t e s t s  of the 

RESEARCH ON IXTCTED-FAN V/STOL AIRCRAFT 

Most of the recent research on ducted-fan V/STOL a i r c r a f t  has been directed 

toward the fan-in-wing and t i l t - d u c t  types, and advanced research a i r c r a f t  of 

these two types a re  now under construction. 

plane i s  being b u i l t  f o r  the A m y  by General Elec t r ic  and man and the X-22A 

quad-duct a i rplane i s  being b u i l t  by Bell  Aerosystems a s  pa r t  of the Tri-Service 

V/STOL program. 

The XV-5A fan-in-wing research a i r -  



Fan -in -Wing and Fan -in -Fuselage R e  search 

Extensive large-scale research on fan-in-wing and fan-in-fuselage configura- 

t i ons  has been conducted as jo in t  NASA-General Elec t r ic  projects  i n  the NASA Ames 

40- by &-foot wind tunnel during the  last  few years. 

Some of the more s igni f icant  r e su l t s  of t h i s  research a re  summarized i n  f igures  19 

t o  22 which were taken from references 35 and 36. 

th ree  configurations shown by the  sketches of f igure 19: a fan-in-fuselage type 

(model 1) and two fan-in-wing types (models 2 and 3) .  

provide a f a i r l y  close approximation t o  the  XV-5A fan-in-wing research airplane.  

(See re fs .  33 t o  40.) 

Data a re  presented f o r  the 

Model 3 w a s  intended t o  

Typical var ia t ions of l i f t - t h r u s t  r a t i o  with f l ight-veloci ty  r a t i o  f o r  the 

three models are presented i n  f igure 19. The t o t a l  l i f t  increased with increasing 

speed f o r  a l l  configurations. I n  some small-scale model t e s t s  of s i m i l a r  con- 

figurations,  a reduction i n  l i f t  o r  " l i f t  droop" has been noted a t  the  lower 

speeds. The discrepancy between the- large-scale  and small-scale data has not ye t  

been f u l l y  explained but a t  l e a s t  two fac tors  appear t o  be involved: a scale  

e f f ec t  resul t ing from the  l o w  Reynolds number of t he  s m a l l  model t e s t s  and a pos- 

s i b l e  tunnel-wall e f f ec t  on the  large-scale data because of the large s i ze  of the 

model re la t ive  t o  tunnel tes t -sect ion s ize .  The var ia t ion of fan th rus t  with 

veloci ty  r a t i o  i s  a l so  shown i n  f igure 19. 

model lift shown i n  the three cases i s  about 80 percent induced lift due t o  fan 

operation and 20 percent due t o  wing camber. 

model 3 i s  much less than t h a t  f o r  models 1 and 2 indicates  t h a t  an increasing 

r a t i o  of fan area t o  wing area r e su l t s  i n  smaller induced l i f t .  The data pre- 

sented i n  figure 19 a re  f o r  f l aps  re t racted.  

trailing-edge f laps  behind the fans provide a fur ther  increase i n  l i f t i n g  

capabili ty.  

The increment between fan th rus t  and 

The f a c t  t h a t  t he  induced l i f t  fo r  

Data of reference 35 show t h a t  
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The pitching moments i n  t rans i t ion  f l i g h t  f o r  models 1 and 2 a re  shown i n  

f igure 20. In  order t o  allow d i r ec t  comparison of the data f o r  t he  two models 

the  moment has been ihvlded by the  weight and fan dmmeter. m e  moment i s  much 

greater  fo r  the  fan-in-fuselage model (model 1) because the greater  depth of the 

fan r e su l t s  i n  a la rger  horizontal  force couple produced by the ram drag on the 

fan i n l e t  and thrus t  from the fan e x i t .  Trailing-edge-flap def lect ion reduced 

the moment var ia t ion with speed fo r  model 2 because of the nose-down moment of 

the f l ap  i t s e l f  and the  reduction of power required. 

The e f f ec t  of ground proximity on hovering l i f t  fo r  models 1 and 3 with the 

fans operating a t  constant rpm i s  shown i n  f igure 21. The fan-in-fuselage model 

(model 1) had an adverse ground e f f ec t  amounting t o  a 23-percent loss  i n  l i f t  a t  

a height of one fan diameter. Loss i n  fan th rus t  accounted f o r  14  percent of the 

loss  while downward aerodynamic forces on the model produced the  other 9 percent. 

The fan-in-wing model (model 3) showed essent ia l ly  no ground e f f ec t  since an 

upward l i f t  on the  model airframe compensated f o r  a l o s s  i n  fan th rus t .  More 

information on t h i s  ground-effect phenomenon i s  presented i n  reference 41. 

The problem of reingestion of hot exhaust gases proved t o  be a def in i te  

problem with model 3 when hovering i n  l igh t  winds or i n  forward f l i g h t .  The flow 

pat terns  involved i n  these cases a re  i l l u s t r a t e d  i n  f igure 22(a) ,  with the shaded 

areas representing the hot exhaust gas from the turbine. 

shows the  flow pa t te rn  i n  hovering f l i g h t  with the model headed i n t o  a l i g h t  wind. 

I n  t h i s  case, the hot gas was blown back into the v i c in i ty  of the model, resu l t ing  

i n  a s m a l l  temperature r i s e  ( l e s s  than 10' F) i n  both the fan and gas generator 

i n l e t s .  

because, a s  the  sketch a t  the  lower l e f t  of f igure 22(a) indicates ,  there  was a 

shorter  path of the hot gases from the  turbine e x i t  t o  the i n l e t  and therefore 

The sketch a t  the top 

With forward speed, the hot-gas ingestion problem became more severe 



l e s s  time fo r  the  exhaust t o  cool. 

perature rise of 50° F occurred i n  the fan i n l e t .  

def lect  the fan turbine exhaust 30' rearward, the reingestion of exhaust gases 

was eliminated, as indicated by the  flow pat tern a t  the  lower r igh t  of f i g -  

ure 22(a).  Fxperimental data showing the average temperature r i s e  i n  the fan 

i n l e t s  for  several  ground heights and vector angles as a function of veloci ty  

r a t i o  are presented i n  figure 22(b). It can be seen from the left-hand p lo t  t h a t  

increasing the  height above the ground decreased the velocity range fo r  ingestion 

but did not great ly  change the  maximum temperature rise. The la rges t  temperature 

r ise shown produced a thrus t  l o s s  which would require a 4.5-percent increase i n  

fan speed t o  o f f se t  the l o s s .  

e f fec t  of vectoring the fan turbine exhaust rearward. The data shown i n  f ig -  

ure 22(b) are for temperature r ise i n  the  fan i n l e t .  The gas generator i n l e t s  on 

top of the  fuselage experienced lese  ingestion with a maximum temperature r ise  of 

20' F being measured. 

For the  60-knot airspeed condition, a tem- 

When louvers were used t o  

The right-hand p lo t  shows the  pronounced beneficial  

In  general, the  t e s t s  i n  the  Ames 40- by 80-foot wind tunnel of t he  large 

model similar t o  t h e  XV-5A airplane (model 3 )  have indicated t h a t  t he  airplane 

should have s t a t i c  s t a b i l i t y  and should be controllable throughout the  t r ans i t i on  

range. 

ful l -scale  tunnel have also given a preliminary indication of generally sat isfac-  

to ry  s t a t i c  and dynamic s t a b i l i t y  charac te r i s t ics  i n  the  t rans i t ion .  

Flight tests of a 0.18-scale model of the  airplane i n  the  NASA Langley 

Tilt-Duct Research 

Research on t i l t -duc t  V/STOL a i r c r a f t  has, ,during the  las t  2 or 3 years, 

shif ted from two-duct configurations such as the  m a k  VZ-4 research airplane t o  

tandem four-duct configurations such as t h e  B e l l  X-22A airplane.  (See refs. 42 
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t o  45.) 

i s  providing some of t h i s  support with s t a t i c  wind-tunnel investigations of small- 

scale  and large-scale models and with dynamic s t a b i l i t y  and control s tudies  with 

a free-flying model. 

Much of the research a t  present i s  i n  d i r ec t  support of the X-22A. NASA 

An investigation of operational downwash impingement problems of the  tandem 

four-duct type i s  being car r ied  out by Kel le t t  Aircraf t  Corporation under con- 

t r a c t  t o  the Navy. 

mately a fu l l - sca le  model of the  X-22A) i s  being t e s t ed  over various types of 

t e r r a i n  and water a t  d i s k  loadings up t o  60 pounds per square foot.  

the r e su l t s  t o  date indicate  some ra ther  serious impingement and recirculat ion 

problems. 

i n  the Kel le t t  invest igat ion i s  presented i n  f igure 23. 

par t i cu la r  concern i s  the upwash area between the f ront  and rear  ducts near the 

s ides  of the fusealge. T h i s  upflow can cause large amounts of debris t o  be blown 

up above the fuselage and thereby lead t o  pa r t i c l e  ingestion problems. 

i s  i n  progress t o  determine means of a l lev ia t ing  these problems. 

In  t h i s  investigation, a la rge  semispan t e s t  setup (approxi- 

In  general, 

A sketch of the basic recirculat ion flow f i e l d  i n  hovering determined 

One area of flow of 

Research 

Some large-scale and small-scale wind-tunnel research on s ingle  ducted fans 

One example has been conducted by the NASA and reported i n  references 46 t o  50. 

of the r e s u l t s  of t h i s  research i s  presented i n  figure 24. Information regarding 

duct i n l e t  s t a l l  i s  shown on a p lo t  of duct angle of a t t ack  against  f l i g h t  speed. 

The so l id  l i n e  represents the angle-of-attack var ia t ion for the  ducts of the  

Doak VZ-4A a i rplane f o r  the  steady level-f l ight  condition. 

ary fo r  the  VZ-4A shows a minimum duct s t a l l  margin of about 8 O  at  40 knots a i r -  

speed, which indicates  t h a t  the  duct could s t a l l  i n  decelerating f l i g h t .  For 

t i l t - d u c t  configurations with higher disk loadings, t he  s t a l l  margin would prob- 

ably be grea te r  than t h a t  shown for the VZ-4A. 

The duct s t a l l  bound- 
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TURBOJET V/STOL AIRCRAFT RESFARCH 

United States  e f for t  i n  the turbojet  V/STOL area has been overshadowed 

during the  last f e w  years by the progress i n  Europe toward the  development of 

operational turbo je t  V/STOL a i r c r a f t .  

i n  t h i s  area resul t ing from the  work associated with t h e  Ryan X-13  and B e l l  X-14  

research airplanes w a s  soon l o s t  when work on the Bel l  D-188~ f ighter  airplane 

w a s  discontinued i n  1959 and no work on other operational turbojet  V/STOL air-  

c ra f t  was started.  

country i s  the Lockheed XV-hA, a small research a i r c r a f t  making use of the  j e t  

e jector  principle.  (See r e f .  52.) The XV-4A i s  now being f l i g h t  t e s t ed  by the  

The early lead i n  research and development 

(See re f .  51.) The only new turbojet  V/STOL a i r c r a f t  i n  t h i s  

contractor. The Bell X-14A i s  s t i l l  being used i n  research a t  the  NASA Ames 

Research Center but t h i s  work i s  i n  the  general area of handling-qualities 

requirements and not directed spec i f ica l ly  toward turbojet  V/STOL a i r c r a f t .  

Although a number of small-scale wind-tunnel studies have been carr ied out 

on turbojet  V/STOL configurations, much of t h i s  work has been c l a s s i f i ed  or  pro- 

pr ie ta ry .  References 53 t o  56 cover the  r e su l t s  of some unclassif ied research i n  

the  general area of induced interference e f fec ts  and figures 25 and 26 present 

some re su l t s  of more recent research i n  this area. 

Figure 25 shows the  e f fec t  of nozzle configuration on the  l i f t  and pitching 

moment of a turbojet  V/STOL model i n  the  t r ans i t i on  range of f l i g h t .  Nondimen- 

sionalized lift- and pitching-moment data are p lo t ted  against  veloci ty  r a t i o  fo r  

three nozzle configurations: a s ingle  large nozzle and two arrangements of four 

Small nozzles. 

of a t tack  and nose-up pitching moments resu l t ing  from negative pressures induced 

on the lower surface of the fuselage and wing behind the  jets. 

and 56.)  

All three configurations show the  typ ica l  l i f t  loss  a t  zero angle 

I 

(See re fs .  53 

The configuration a t  t h e  ri@t with the  four nozzles arranged i n  a 
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diamond pa t te rn  appears t o  be the best  of the three since it produces smaller 

nose-up pitching moments and greater  l i f t  for a given angle of a t tack  and veloc- 

i t y  r a t io .  

the more effect ive "streamlining" of the j e t  exhaust pat tern with the diamond 

arrangement and therefore smaller negative pressures induced on the  lower surface 

of the  fuselage and wing behind the j e t s .  

( r e f .  56)  t h a t  j e t  exhausts issuing perpendicularly from the  lower surface of a 

p l a t e  produce induced interference e f f ec t s  s imilar  t o  those produced by so l id  

cylinders having the same diameter a s  the  j e t s .  

more streamlined arrangement of these effect ive cylinders should produce l e s s  

obstruction t o  the  flow and therefore l e s s  induced e f f ec t  on the airframe of the 

model. 

The be t t e r  charac te r i s t ics  of t h i s  configuration a re  a t t r ibu ted  t o  

It has been shown i n  related research 

It i s  therefore reasoned t h a t  a 

An example of jet-induced e f f ec t s  on a d i f fe ren t  type of V/STOL configura- 

Pitching-moment data a re  shown f o r  a vectored- t i on  i s  presented i n  f igure 26. 

thrust turbofan V/STOL model f o r  various horizontal  t a i l  arrangements and th rus t  

conditions. The left-hand p lo t  shows data f o r  the  power-off condition with t a i l  

off  and with the t a i l  i n  a high and low position. It can be seen tha t  the  model 

i s  unstable (posi t ive slope of pitching-moment curve) with the t a i l  off and t h a t  

the i n s t a b i l i t y  increases with increasing angle of a t tack.  Addition of the  t a i l  

i n  the  high posi t ion does not en t i r e ly  eliminate the i n s t a b i l i t y ,  but moving the  

t a i l  t o  the low posi t ion (and i n t o  a more favorable downwash f i e l d )  does provide 

s t a b i l i t y  over the e n t i r e  l i f t  range. 

f o r  the  power-on condition with the low t a i l  posit ion,  shows tha t  large changes 

i n  t r i m  and reductions i n  s t a b i l i t y  occur when th rus t  i s  added with the nozzles 

i n  the intermediate angle range (30° and 600) .  

r e s u l t s  fo r  the  600 nozzle se t t ing .  

The p lo t  on the r igh t ,  which presents data 

A highly unstable condition 

Analysis has indicated tha t  the detrimental 
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effects of power are caused by a change in the flow field at the horizontal tail. 

Apparently, the favorable downwash field existing at the low horizontal-tail 

position for the power-off condition is shifted downward away from the tail by 

the strong jet exhaust flow from the deflected nozzles. The problem illustrated 

by these data appears to be a basic one for vectored-thrust or lift-engine V/STOL 

fighter configurations having horizontal-tail surfaces. Careful attention must 

be given to the arrangement of the wing, tail, and nozzles to achieve acceptable 

longitudinal-stability characteristics for all flight conditions. 

RESEARCH ON HANDLING-QUALITIES REQUIREMENTS 

A number of research studies directed toward the determination of rational 

handling-qualities requirements for V/STOL aircraft have been conducted during 

the last few years and this work is continuing. 

in this area has been carried out with V/STOL aircraft (usually with variable- 

stability and control features) and with simulators of various types. A large 

portion of the handling-qualities research has been carried out by the NASA at 

its Ames and Langley Research Centers. 

its flight research along this line and is presently making use of a YHC-lA twin- 

turbine tandem helicopter equipped with very elaborate variable-stability-and- 

control equipment and with provisions for conducting research on the problem of 

making steep approaches under instrument flight conditions. Ames is using the 

X-14A turbojet V/STOL variable-stability-and-control research aircraft for its 

flight work in this area. 

Aeronautical Laboratory and Princeton University and a number of companies have 

also carried out research on handling-qualities requirements using either heli- 

copters or simulators. 

(See refs. 57 to 7 0 . )  Research 

Langley has used helicopters in most of 

Other research organizations such as Cornel1 
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A summary of some of the  more recent NASA research on handling-qualities 

requirements i s  presented i n  figures 27 t o  30. These f igures  were taken d i rec t ly  

Yrom reference >-( but much of' the  information presented i n  the  f igures  had been 

covered previously i n  references 58 t o  60. 

p lo t s  of rate damping against maximum control power with various boundaries fo r  

desired or minimum acceptable handling qual i t ies .  

control power per u n i t  control deflection ( tha t  is ,  control sens i t iv i ty)  has been 

used instead of maximum control power. 

e r s  as t o  which of these two methods of designating control power i s  most appro- 

p r i a t e  f o r  handling-qualities relationships - t h a t  i s ,  matching the a i r c r a f t  t o  

the  p i l o t  - and studies are i n  progress t o  provide more information on t h i s  point.  

A l l  four of t he  figures consist of 

In  some research studies,  the 

There i s  some disagreement among research- 

Results of X-14A f l i g h t  research t o  determine desirable combinations of 

damping and control power about a l l  three axes f o r  the v isua l  hovering t a sk  are  

presented i n  f igure 27. The curves shown represent conditions which were given 

a ra t ing  of 3.5 on the Cooper p i l o t  ra t ing  scale. (See r e f .  58.) Values of 

damping and control power t o  the  right of the curves a re  sat isfactory f o r  normal 

operation while values t o  the  l e f t  a r e  only sui table  f o r  l imited operation. 

can be seen from the p lo t  t h a t  the  p i l o t s  required much more damping and control 

power about t h e  roll axis than about the  other two axes. Apparently, p i l o t s  are 

more concerned about lateral  posit ioning and therefore demand increased a i r c r a f t  

response t o  reduce the  t i m e  required t o  correct deviations from a desired 

pos i t  i on. 

It 

More de ta i led  information on the  rol l -control  requirement a re  presented i n  

f igure 28. I n  addition t o  the  3.5 p i l o t  rating boundary, the  6.5 ra t ing  boundary 

(minimum acceptable fo r  emergency operation) f o r  the  X-14A i s  shown and l i nes  are  



included t o  indicate  the ten ta t ive  requirement i n  the AGARD V/STOL handling- 

qua l i t i e s  recommendations ( ref .  61) f o r  a series of gross weights. 

point i s  also shown f o r  t he  Hawker P. l l27 with a p i l o t  ra t ing  of 3.5.  

An addi t ional  

It can be 

seen t h a t  the ten ta t ive  AGARD recommendation f o r  t he  X-14A (which weighs 1 
3,800 pounds) f a l l s  i n  a region which the X-14A f l i g h t  t e s t s  indicate would have 

a ra t ing  of between 4 and 5 and would be acceptable only f o r  l imited operation. 

The data indicate t h a t  the P.1127 requires about the same control power and 

damping as the X-14A t o  obtain a 3.3 p i l o t  ra t ing,  whereas the  AGARD recommenda- 

t i on  indicates t h a t  the  heavier P.1127 (weight about 12,000 pounds) should require 

l e s s  control power ( i n  terms of radians per second squared). 

ment of the P.1127, t he  rol l -control  power w a s  increased from about 1 t o  2 radians 

per second squared i n  order t o  achieve sa t i s fac tory  operation. 

indicate  tha t  the  AGARD recommendations i n  t h e i r  present form are  not consistent 

with f l i g h t  data being obtained on the X-14A and P.1127. 

r e su l t s  of recent hovering s tudies  by the  NASA with the 30,OOO-pound H-37 he l i -  

copter have been i n  general agreement with the  AGARD recommendations and have 

indicated tha t  a var ia t ion i n  the requirement with weight (o r  s i ze )  i s  basical ly  

sound. More research i s  needed i n  t h i s  area t o  resolve these discrepancies. It 

appears l ike ly  t h a t  be t t e r  agreement would be obtained on the  basis  of control 

s ens i t i v i ty  than on m a x i m u m  control power. It has been suggested by some t h a t  

the variation of the requirement with gross weight should be dropped i n  favor of 

a requirement depending on t h e  operational use of the  V/STOL a i r c r a f t .  Perhaps 

some combination of these two pr inciples  will prove t o  be the most sa t i s fac tory  

solution. 

During the develop- 

These r e su l t s  

On the other hand, 

Figure 29 presents information on t h e  longi tudinal  control requirements for 

In  contrast  the X-14A together with the  AGARD recommendations f o r  the  airplane.  
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t o  the rol l -control  case, the AGARD recommendation c a l l s  f o r  much more longitudi- 

na l  contrnl power and damping than were found t o  be needed f o r  sa t i s fac tory  char- 

a c t e r i s t i c s  i n  the X-14A f l i g h t  studies.  

Results of simulator s tudies  and f l i gh t  experience on the  desired height 

control and damping parameters f o r  V/STOL a i r c r a f t  i n  hovering f l i g h t  a r e  pre- 

sented i n  f igure 30. 

3.5 and 6.5 obtained with the Ames H e i g h t  Control Apparatus, a new moving base 

simulator now i n  use a t  Ames Research Center. (See r e f .  57.) The r e su l t s  

obtained with t h i s  simulator a re  i n  good agreement with l imited r e su l t s  previously 

obtained on another moving-base simulator but are i n  disagreement with fixed-base 

simulator r e su l t s  which indicated a requirement f o r  greater  control power. 

f l i g h t  data points f o r  the X-14A and Short SC-1 airplanes with a p i l o t  ra t ing  of 

3 indicate  an even smaller control requirement than t h a t  determined with the  

moving-base simulators. 

The hatched l i nes  are the boundaries f o r  p i l o t  ra t ings of 

The 

CONCLUDING REMARKS 

The s t a t u s  of V/STOL research and development i n  the  United S ta tes  has been 

reviewed and a summary of s ign i f icant  recent research r e su l t s  presented. It i s  

apparent from t h i s  review t h a t  the  helicopter continues t o  be a subject of strong 

research i n t e r e s t  and t h a t  propeller and ducted-fan V/STOL a i r c r a f t  a r e  a l so  

receiving increasing a t ten t ion  because a i r c r a f t  of these types a re  now being 

\ b u i l t  a s  part of t h e  Tri-Service V/STOL transport  program and other programs. 

The United S ta t e s  s t i l l  lags,  however, i n  work on turbojet  V/STOL types. 
i 

I 
1 Studies 

I of these types a re  being conducted by research organizations, the  services,  and 

1 industry but  research and development i n  t h i s  area cannot proceed a t  a very great 

pace without some firm plans f o r  operational turbojet  V/STOL a i r c r a f t .  Perhaps 
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i n  the near future t h i s  impetus w i l l  be provided by service requirements for  

turbojet  V/STOL a i r c r a f t  t o  be used i n  close support operations. 

Another area of research and development i n  the V/STOL f i e l d  i n  which the 

United States i s  lagging i s  the propulsion area. Although some development work 

on turbojet  l i f t  engines has been s ta r ted  since the l a s t  Anglo-American Conference, 

there i s  s t i l l  an inadequate research and development program f o r  V/STOL a i r c r a f t  

engines i n  t h i s  country. 

performance i n  the future w i l l  depend on improvements i n  propulsion systems, there 

i s  obviously an urgent need fo r  increased research and development e f f o r t  i n  

this area. 

Since rea l ly  s ignif icant  advances i n  V/STOL a i r c r a f t  
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Figure 6. - Comparison of experimental and theore t ica l  blade loads f o r  
a single-rotor hel icopter  i n  forward f l i g h t .  
reference 1.) 

(Figure taken from 
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Figure 7.- Sketch i l l u s t r a t i n g  manner i n  which t i p  vortex from one 
blade i s  h i t  by next blade. (Figure taken from reference 1.) 
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